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ABSTRACT

We examined the potential growth of clonal Eucalyptus plantations at eight locations across a 1000+ km
gradient in Brazil by manipulating the supplies of nutrients and water, and altering the uniformity of tree
sizes within plots. With no fertilization or irrigation, mean annual increments of stem wood were about
28% lower (16.2 Mg ha~!yr~!, about 33 m® ha~! yr~!) than yields achieved with current operational
rates of fertilization (22.6 Mgha~'yr~!, about 46 m>ha~'yr~!). Fertilization beyond current
operational rates did not increase growth, whereas irrigation raised growth by about 30% (to
30.6 Mgha~'yr~!, about 62m>ha~'yr~'). The potential biological productivity (current annual
increment) of the plantations was about one-third greater than these values, if based only on the period
after achieving full canopies. The biological potential productivity was even greater if based only on the
full-canopy period during the wet season, indicating that the maximum biological productivity across
the sites (with irrigation, during the wet season) would be about 42 Mgha=!'yr~! (83 m®ha'yr1).
Stands with uniform structure (trees in plots planted in a single day) showed 13% greater growth than
stands with higher heterogeneity of tree sizes (owing to a staggered planting time of up to 80 days).
Higher water supply increased growth and also delayed by about 1 year the point where current annual
increment and mean annual increment intersected, indicating opportunities for lengthening rotations
for more productive treatments as well as the influence of year-to-year climate variations on optimal
rotations periods. The growth response to treatments after canopy closure (mid-rotation) related well
with full-rotation responses, offering an early opportunity for estimating whole-rotation yields. These
results underscore the importance of resource supply, the efficiency of resource use, and stand
uniformity in setting the bounds for productivity, and provide a baseline for evaluating the productivity
achieved in operational plantations. The BEPP Project showed that water supply is the key resource
determining levels of plantation productivity in Brazil. Future collaboration between scientists working
on silviculture and genetics should lead to new insights on the mechanisms connecting water and
growth, leading to improved matching of sites, clones, and silviculture.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Eucalyptus plantations in Brazil in 1970 typically grew at rates
of about 15 m>® ha~! yr~! (Queiroz and Barrichelo, 2008). Over the
next 35 years, intensive research and improved operations tripled
the average yields across almost 4 million ha, through improved
silviculture (site preparation, fertilization and control of leaf-
cutting ants and weeds), improved seed selection, and the
development of clonal propagation (Goncalves et al., 2008).
Empirical analysis of growth responses in experimental planta-
tions guided management decisions, but the ecophysiological
factors behind these empirical patterns remained largely unexam-
ined until the late 1990s (Almeida et al., 2004; Stape et al., 2004a,b;
Whitehead and Beadle, 2004). To what extent is forest growth
limited by environmental constraints (such as incoming light and
vapor pressure deficit), by the supplies of nutrients and water, and
by inadequate silvicultural practices?

The Brazil Eucalyptus Potential Productivity (BEPP) Project was
launched in 2001 to determine potential growth rates when
nutrient and water limitations are removed across a geographic
range of sites and clones, including the processes behind the
responses in wood growth (carbon allocation, resource use and
efficiency). As part of this special issue on Productivity in Tropical
Plantations, this paper provides an overview of the BEPP Project,
summarizes the basic patterns of stand growth, and tests a
hypothesis that age-related decline in growth increases with
increasing heterogeneity of tree sizes within stands. Other papers
in this special issue examine carbon budgets (Ryan et al., 2010),
patterns of resource use efficiency by individual trees (Binkley
et al,, 2010), and water use (Hubbard et al., 2010) in the BEPP
Project.

The initial ideas tested in the BEPP Project developed from an
earlier research project on age-related decline in a Eucalyptus saligna
plantation in Hawaii (Ryan et al., 2004). Wood growth and gross
primary production declined substantially after mid-rotation in that
study, despite the high supply of water and repeated fertilization. A
decline in photosynthesis was the largest contributor to the decline
in wood production, with smaller contributions from increased
partitioning to belowground and foliar respiration. The growth
decline was traced to a loss of efficiency of production per unit of
resource used, rather than to a decline in resource use. Dominant
trees showed higher efficiency of resource use (Binkley et al., 2002),
leading to hypotheses about changes in dominance and resource use
efficiency as drivers of age-related decline (Binkley, 2004).

A pilot experiment for the BEPP Project tested the effects of
irrigation and fertilization on maximum growth rates in a single
plantation by Copener Florestal near Alagoinhas, Bahia (Stape et al.,
2008). The results from this individual site were designed to be
extrapolated to a broader landscape in Bahia with two approaches.
Local parameterization of the 3-PG forest growth model (Lands-
berg and Waring, 1997) provided an opportunity for estimating
growth for different soils and environments in the region (Stape
et al., 2004a), and an empirical approach to extrapolation was
developed with a “twin-plot” approach that joined routine forest
inventory plots with simple stand treatments (Stape et al., 2004b).

The BEPP Project developed as a consortium of eight companies,
the University of Sdo Paulo, Colorado State University, and the
USDA Forest Service, coordinated through the Forestry Science and
Research Institute (IPEF) in Brazil. Each company installed a basic
version of the potential productivity experiment (testing irrigation
and repeated fertilization). Routine measurements of stem growth
were supplemented with regular sampling of canopy leaf area,
belowground carbon flux, and other features needed for produc-
tion ecology insights. The companies were responsible for routine
measurements, with training assistance from other BEPP colla-
borators.
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Fig. 1. Location of the 8 BEPP sites (site codes in Table 1).

2. Methods
2.1. Sites

The BEPP sites spanned a distance of more than 1000 km in
southeastern Brazil (Fig. 1). The environmental gradients included
three Soil Orders, a three-fold range in soil clay percent, and a 70%
range in rainfall (Tables 1 and 2). The sites ranged from warm
tropical with low vapor pressure deficits to subtropical environ-
ments and large vapor pressure deficits. This paper analyzes
patterns for a full-rotation of 6 years for three sites (ARA, IPB, and
VER); 4-5 years of stand development were available for 4 other
sites (CEN, SUZ, VIP and VLM), and just 3 years of development
were obtained for an 8th site (VCP) before a severe windstorm
stopped the experiment. The damage was notably greater in the
irrigated treatments than in the non-irrigated treatments, under-
scoring a higher risk of wind damage for rapidly growing, large
canopy trees. Prior land use included previous rotations of
Eucalyptus plantations, except for the VER site (former grassland)
and IPB site (orange orchard).

2.2. Treatments

The potential productivity (for each set of site and clone) was
determined at all locations based on typical current silvicultural
operations as the baseline treatment for comparison. These
baseline treatments all included the use of clonal plantlets (chosen
by each company, Table 1), operational levels of fertilization
(Table 3), and sustained weed control. Plot size was 30 m x 30 m,
with tree spacing near 3 m x 3 m. With two rows of buffer trees,
the interior measurement subplots had 6 rows and 6 columns of
trees. Irrigation treatments were tested at all sites (Table 4) to
remove any limitation of soil water supply on growth (trenching
between plots minimized any influence of adjacent treatments,
Fig. 2). Rates of irrigation were tailored at each site to supplement
rainfall and exceed potential evapotranspiration each week, with
an average 15-30 mm applied twice weekly. Current operational
rates of fertilization may not completely alleviate nutrient
limitation, so all sites included a high fertilization treatment with
fertilizer applications three times annually for the first 3 years
(with rates varying among companies, Table 3).
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Table 1

Site and plantation descriptions. Soil attributes for a depth of 0-40 cm.
Site code, location Latitude (S), Elevation Soil order pH (0.1 M CaCl,) Sum base cations Clay (%) Genetic clone Planting date

longitude (W)  (m) (mmol kg ")
ARA—Aracruz, ES 19°49, 40°05’ 12 Ultisol 4.0 23 37 3918 March 2001
CEN—Guanhaes, MG 18°35/, 42°59 870 Oxisol 4.0 21 65 57,1213, April 2004
7074, 386

IPB—Mogi Guacu, SP 22°21',46°58' 312 Oxisol 6.0 75 45 13 October 2000
SUZ—Teixeira de. Freitas, BA 18°02/, 39°52’ 84 Ultisol 4.4 27 21 10 December 2001
VCP—Luis Antonio, SP 21°32/,48°22' 680 Entisol 3.9 8 28 37 March 2000
VER—Eunapolis, BA 16°21/, 39°34 187 Ultisol 4.3 35 37 53 March 2001
VIP—Luis Antonio, SP 21°32/, 48°22/ 680 Entisol 3.9 12 28 41 August 2003
VLM —Bocaiuva, MG 17°20/, 43°50’ 900 Oxisol 5.5 42 48 1, 3, 4, 463 February 2005

Table 2

Climate characteristics for the sites (site codes in Table 1). Values are annual averages across years, measured or estimated at each site. Values for the wet season are October
to March, those for the dry season are April to September. Potential evapotranspiration based on equations from Thornthwaite and Mather (1957).

ARA CEN IPB Suz VCP VER VIP VLM

Average temperature (°C) 23.6 194 21.6 23.1 22.0 23.0 22.7 23.6

(Dry season; wet season) (22.3; 24.9) (18.3; 20.6) (19.6; 23.2) (20.4; 25.1) (20.8; 24.2) (21.3; 24.5) (21.8; 23.6) (20.5; 25.0)
PAR (MJm—2yr1) 2752 2555 3055 2921 3063 3114 2949 3474

(Dry season; wet Season) (1184; 1568)  (1150; 1405) (1375; 1680)  (1286; 1635)  (1348; 1715)  (1339; 1775)  (1445; 1504) (1772; 1702)
Vapor pressure deficit (kPa) 0.78 0.63 1.05 0.76 1.06 0.78 1.05 1.30
Rainfall (mmyr—') 1360 1108 1317 1351 1307 1433 1247 848

(Dry season, wet season) (490; 870) (188; 920) (250; 1067) (446; 905) (235; 1072) (545; 888) (200; 1047) (76; 772)
Irrigation water (mmyr—') 701 1116 796 1715 1045 846 440 1554
Total water for irrigated 2061 2224 2113 3066 2352 2279 1687 2402

treatment (mmyr~!)
Potential evapotranspiration 1204 876 1024 1255 1087 1144 1124 1221

(mmyr )

Table 3

Total fertilization amounts added (kg of element per hectare) through the end of the rotation, or to the last measurement in 2009 (see site codes in Table 1). The F treatment
also received other micronutrients.

SITE Treatment (T =traditional, Nitrogen Phosphorus Potassium Calcium Magnesium Boron
F=high fertilization)
ARA F 967 374 753 634 40 6
T 77 54 89 585 40 1
suz F 510 219 409 229 - 5
T 52 44 66 112 - 2
CEN F 732 145 570 918 180 8
T 86 40 171 705 120 3
IPB F 640 238 498 996 180 5
T 33 44 27 - - 2
VLM F 444 160 369 280 60 8
T 79 55 66 280 60 6
VER F 1012 374 797 1074 180 5
T 12 46 18 62 - -
VIP F 594 240 546 620 120 2
T 21 33 136 396 72 2
VCP F 724 284 669 776 60 -
T 14 14 109 240 24 -
Table 4

Production ecology treatments applied at each site (see Table 1 for site codes). Three-letter treatment codes (in bold) denote nutrient treatment, water treatment, and stand
structure treatment.

Uniform stand structure (U) Heterogeneous stand structure (H)

No fertilization (control) Traditional fertilization (T) High fertilization (F) Traditional fertilization (T) High fertilization (F)
Not irrigated (N) Code CNU: Code TNU: ARA, CEN, IPB, Code FNU: ARA, CEN, IPB, Code TNH: IPB, SUZ, VER

CEN, VCP, VIP SUZ, VCP, VER, VIP, VLM SUZ, VCP, VER, VIP, VLM
Irrigated (I) Code TIU: CEN, IPB, VCP, Code FIU: ARA, CEN, IPB, Code FIH: ARA, IPB,

VER, VIP, VLM SUZ, VCP, VER, VIP, VLM SUZ, VCP, VER
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Fig. 2. Upper: Aerial photograph of one of the BEPP site (IPB), at Mogi Guacu, SP at 4
months old (with lines traced on the photo to show plot boundaries). Notice the
uniform plots and the heterogeneous plots developing in response to staggered
planting times within plots. Lower: Boundary (and trench) between uniform (left)
and heterogeneous (right) treatment at the IPB site at 2.5 years.

The influence of stand structure was examined at four sites,
with uniform plots (planted with clonal trees in a single day) and
heterogeneous plots. Heterogeneity developed by staggering the
day of planting within a plot (design suggested by Christian
Giardina), with one-third of points planted on Day 0, one-third on
Day 40, and one-third on Day 80. The selection of planting points
was random for a given day, providing a continuous distribution of
tree sizes that mimicked seedling-origin stands (Boyden et al.,
2008; Binkley et al., 2010).

2.3. Measurements of tree mass and growth

Tree diameters and heights were measured every 3 months.
Biomass regressions equations were developed separately for each
site based on destructive harvesting (in spare plots) at about 1.5, 3,
and 6 years. Stem wood mass correlated very highly with tree
diameter and height for all sites and treatments (r? greater than
0.98):

ARA: Mass = 0.0040 x D'9>° x H'>12 (n=128)
CEN: Mass = 0.0260 x D174 x H'593 (n = 53)
IPB: Mass = 0.0050 x D'7>! x H'%*2 (n = 169)
SUZ: Mass = 0.0090 x D622 x H!-515 (n = 92)
VCP: Mass = 0.0170 x D?>% x HO4?7 (n = 44)
VER: Mass = 0.0270 x D*?2! x H%625 (n = 264)
VIP: Mass = 0.0003 x D92 x H'712 (n = 36)
VLM: Mass = 0.0080 x D'778 x H'*97 (n = 35)

where Mass is stemwood mass (kg), D diameter (cm) at 1.3 m height,
H (m) total tree height, and n is the number of trees used in each
equation.

2.4. Statistical analysis

Within each site, the experiment was a completely randomized
block design with four replicate plots (3 for ARA). Two levels of
statistical inference were examined. The replication within each
site provided for a population of inference of a few hectares, over
the time span (and weather patterns) of the measurement periods.
The results from individual locations (analyzed by analysis of
variance for the within-site effects of fertilization, irrigation, and
stand structure, including main effects and interactions) would
probably provide reliable insights for plantations on similar soils in
nearby areas. The primary focus of this paper is the treatment
response across all sites, so the second level of inference used the
average results from each treatment at a site as a unit of
observation (examined by analysis of variance for the among-site
effects of fertilization, irrigation, and stand structure, including
main effects and interactions), and the population of inference
would be a large portion of the Eucalyptus plantations across
southeastern Brazil. Correlations were used to relate stem
diameter and height to mass; to examine patterns between stand
values and site factors; and to characterize some patterns in stand
growth at different time periods. All analyses were performed with
SAS 8.2 (SAS Institute, 2000), using a P value of 0.05 for evaluating
the likely significance of treatment effects. Although prior
expectations would have justified the use of one-tailed statistical
tests for some hypotheses (for example, that irrigation would
increase growth), we nonetheless used only two-tailed tests to
provide a consistent, conservative set of hypothesis tests. No
transformations were needed to meet ANOVA assumptions.

3. Results

Survival was very high across all treatments and sites, providing
fully stocked plots (Table 5) for evaluating the effects of
treatments. The one exception was the VCP site that was
abandoned after 2.8 years following major breakage of trees in a
severe windstorm (up to 1/3 of trees damaged in irrigated plots,
with almost no damage in non-irrigated plots). The site index for
the baseline treatment of traditional fertilization without irriga-
tion (TNU) ranged from 25 to 32m at 5 years (Table 5),
corresponding with mean annual increments of 18-
30 Mg ha!yr~! (Table 6; about 37-62 m*>ha~'yr ).

3.1. Fertilization response

All treatments influenced growth fairly consistently, from the
time of plantation establishment through the final measurement
(Fig. 3). The CNU treatment (no fertilization, no irrigation, uniform
structure) was tested at three sites, and led to a 28% reduction in
mean annual increment (MAI) relative to the baseline TNU
treatment (Fig. 4, Table 6). The effect was significant at the VIP
and VCP sites, but not at the CEN site; across all three sites, the P-
value for this treatment was 0.10 (or 0.05 for a one-tailed
hypothesis test (that CNU would grow less than TNU)). Increasing
fertilization rates from current operational levels (TNU) to very
high rates (FNU) had no significant effect on growth within any
site, or across all sites together. Fertilization showed no significant
interactions with irrigation or stand structure.

3.2. Irrigation response

The response to irrigation was far larger than fertilization
(comparing all non-irrigated and irrigate treatments), with MAI
increasing by an average of 30%. The irrigation effect was significant
within all sites except for the CEN site (P = 0.28). The growth increase
from irrigation ranged from a low of 7% (1.7 Mgha~'yr~!, not
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Table 5

Tree and stand values by treatment and site at the end-of-rotation or last measurement in 2009; site codes from Table 1 treatment codes from Table 4. Values are means with
standard errors of the means in parentheses (n=4 for all sites (3 for ARA)). For each site and variable, values followed by different letters differ at P=0.05.

Site age (years)  Stocking (treeha~!)  DBH (cm) Height (m) Site index (m, 5 years)  Basal area (m?ha!)  Wood (Mgha™!)  MAI (Mgha 'yr 1)
ARA (6.0 years)
TNU 1100 (17) a 149 (0.4)b  22.7(02)ab 252 (04)b 20.1 (12) ¢ 109.9 (5.3) ¢ 183 ¢
FNU 1100 (17) a 15.0(03)b  228(14)ab 263 (1.4)a 20.4 (0.7) ¢ 115.1 (12.0) ¢ 192 ¢
FIU 1111 (0) a 16.7 (0.6)a 244 (1.1)a  27.3(0.7)a 262 (1.5)a 169.1 (13.3) a 282a
FIH 1069 (17) b 152 (0.8)b  21.1(1.1)b  28.1(0.4)a 22.9(1.6)b 144.5 (14.8) b 24.1b
IPB (6.0 years)
TNU 1153 (42) 17.0(04)c  279(05)b  29.9(0.6)d 27.2 (19) ¢ 153.8 (13.8) d 256d
FNU 1161 (101) 172 (0.6)c  28.0(06)b  29.8(0.6) cd 28.1(1.6) b 159.4 (12.5) ¢ 26.6 ¢
TIU 1186 (17) 18.8(09)a  29.1(1.0)a  31.4(0.3)ab 34.4 (2.6) a 205.8 (18.5) a 343a
FIU 1161 (43) 182(06)b  27.8(14)b  31.4(0.4)ab 32.5(29)a 190.6 (20.5) b 31.8b
TNH 1085 (84) 162(03)d  260(0.1)c 299 (0.4) bc 24.7 (0.8) d 1372 (5.1) e 229e
FIH 1136 (42) 172 (04)c  258(06)c  31.5(03)a 30.0 (1.2) b 173.0 (8.0) ¢ 288 ¢
VER (6.0 years)
TNU 1087 (29) a 18.8(0.8)b  30.9(0.6) bc  32.0(0.9) ¢ 31.1 (2.3) ab 178.7 (18) bc 29.8 bc
FNU 1064 (31) a 19.4 (1.9)ab 31.0(1.7)bc  32.8(1.3) bc 32.5 (6.8) ab 190.5 (49.9)ab  31.8 ab
TIU 1072 (29) a 205(04)a  32.6(06)a  33.6(0.9)ab 363 (2.5)a 2202 (16) a 36.7 a
FIU 1080 (25) a 203 (0.4)a  32.1(03)ab  33.4(0.8) bc 35.9(2.1)a 214.8 (12.7) a 35.8a
TNH 1103 (15) a 160(1.3)c  269(0.8)d  32.5(1.4)bc 25.3 (44) ¢ 144.4 (31.2) ¢ 241 ¢
FIH 918 (81) b 193 (0.4)ab 299(09)c  33.6(0.5)a 29.1 (2.4) bc 176.6 (129)bc  29.4 bc
SUZ (5.5 years)
TNU 1111 (0) a 152 (03)b  257(05)b  27.1(0.9)b 20.6 (0.8) b 117.8 (5.2) b 214b
FNU 1087 (15) ab 155(0.1)b  258(0.1)b 263 (0.2)b 20.9 (0.6) b 118.7 (34) b 216b
FIU 1041 (58) bc 17.0(04)a  27.0(1.0)a 294 (0.5)a 24.4(0.8)a 1453 (4.2) a 264 a
TNH 1087 (29) ab 145 (02)c  244(04)c  27.0(02)b 18.9 (0.7) ¢ 103.9 (4.8) ¢ 189 ¢
FIH 1018 (56) ¢ 168 (0.5)a 262 (1.1)a  29.6(0.8) a 23.7 (0.5) a 138.2 (8.6) a 25.1a
CEN (5.3 years)
CNU 1111 (0) 168 (1.1)c  260(22)b  28.4(1.3)b 25.5(3.3) b 111.9 (19.2) b 213b
TNU 1095 (31) 178 (1.3)b  275(29)ab 293 (2.7)a 27.9 (3.3) ab 127.3 (248)ab 243 ab
FNU 1111 (0) 18.1 (1) b 273(27)ab 298 (2.1)a 29.5(3.5) a 131.0(22.6)ab  25.0 ab
TIU 1095 (31) 187 (1) a 27.7(27)a  305(0.7)a 31.2(3.7) a 138.9 (24.8) a 26.5a
FIU 1041 (139) 19(1.3)a 283(22)a  308(1.0)a 30.8 (6.9) a 137.6 (29.7) a 262 a
VIP (4.8 years)
CNU 1318 (25) a 123(09)d  216(22)c  26.0(2.0)c 16.6 (2.8) d 68.7 (25.1) ¢ 145 ¢
TNU 1210 (22) b 153 (04)c  244(12)ab 28.6(0.7)b 233(1.2) ¢ 114.1 (15.0) b 240b
FNU 1266 (76) ab 154 (1.0)c  23.0(32)bc  29.0(1.1)b 24.9 (2.4) ¢ 114.1 (31.2) b 240 b
TIU 1310 (25) ab 165(03)b 247 (15)ab 30.8(0.8)a 30.0 (1.0) a 150.7 (18.8) a 317 a
FIU 1088 (92) ¢ 17.3(09)a  250(19)a  31.3(0.5)a 27.6 (3.4) b 1333 (35.3) a 28.1a
VLM (4.5 years)
TNU 1018 (185) 143 (0.7)b  216(1.7)b  265(1.4)c 16.3 (1.6) ¢ 93.7 (12.2) b 208 b
FNU 1080 (62) 145(06)b  22.1(2)b 28.0 (2.0) b 182 (1.1)b 108.1 (18.5) b 24.0 b
TIU 1056 (108) 172 (04)a  248(19)a  30.0(1.6)a 248 (2.1)a 168.1 (24.2) a 374 a
FIU 1056 (89) 173 (05)a  249(1.8)a  30.8(22)a 25.1(1.5)a 171.0 (21.0) a 38.0a
VCP (2.8 years)
CNU 966 (170) ab 11.1 (0.9) ¢ 172(09)c  26.0(1.1)b 9.7 (1.3)d 31.2(5.3)d 11.4d
TNU 1041 (52) a 124(0.1)b 183 (05)b  26.8(0.7)b 12.8 (0.4) ¢ 43.7 (0.9) ¢ 159 ¢
FNU 1056 (68) a 125(02)b  18.0(05)b  26.4(0.8) b 132 (0.5) ¢ 452 (23) ¢ 165 ¢
TIU 948 (29) ab 142 (02)a  200(07)a 292 (0.5)a 15.4 (0.4) b 59.7 (2.7) b 217 b
FIU 1080 (35) a 143(03)a  202(07)a  29.9(05)a 17.7 (0.4) a 69.8 (3.0) a 254 a
FIH 894 (90) b 145 (0.3) a 195(02)a 295 (0.6) a 152 (0.7) b 60.3 (2.4) b 22.0b
1 1

significant) at the cooler, higher elevation CEN site to 67%
(15.2 Mg ha—! yr~1) at the driest VLM site. Irrigation did not show
a significant interaction with stand structure.

The magnitude of the irrigation response related well to some of
the climate parameters, with stronger relationships when the
response was gauged in units of Mg ha~' yr~' than as percent. The
strongest relationships occurred between irrigation response and
non-irrigated water balance (rainfall minus potential evapotrans-
piration in Table 2), vapor pressure deficit, and annual incoming
radiation (all correlations r? = 0.80, P < 0.02). These three environ-
mental variables correlated highly with each other (1% 0.62-0.83, P
from 0.10 to 0.01).

Interestingly, the response to irrigation was strong in both the
dry season (April to September) and the wet season (October to
March; Fig. 5). Irrigation increased growth in the dry season by an
average of 34% (9.5 Mg ha~! yr~! on an annual basis) across all sites,

and 23% during the wet season (8.0 Mg ha™ on an annual
basis). Without irrigation, soil water supply apparently remained
too low during at least some periods in the wet season to support
maximum growth rates. The growthrate inirrigated treatments was
also lower during the dry season than the wet season, with the 19%
lower growth in the dry season matched by 19% lower incoming
sunlight (data not shown). Dry-season growth in the non-irrigated
plots was 27% lower than wet-season growth, reflecting the
combined effects of lower incoming light and greater water stress.

Across sites, seasonal patterns of incoming light related well to
seasonal growth when irrigation removed water stress. However,
daily, seasonal, and annual growth were likely also influenced by
vapor pressure deficit (VPD; see review by Whitehead and Beadle,
2004), as evidenced by differences in photosynthesis and water use
on a daily basis (e.g. Hubbard et al.,, 2010), by differences in
genotypes responses (Marrichi, 2009; Hubbard et al., 2010), by
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Table 6
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Mean annual increment of stemwood biomass at the end-of-rotation (6 years old) or at the last measurement by site (codes in Table 1) and treatment or factor (treatment
codes from Table 4). Values inside parenthesis are standard errors of the mean; for the irrigation (N and I) and stand structure (H and U), values followed by the same letter do

not differ at P=0.05 (see Table 5 for the other treatments comparisons).

Site (age) Mean annual increment (Mgha—'yr—1)

CNU TNU FNU TIU FIU N I H 8]
ARA 6.0 years 18.3(0.5) 19.1(1.1) 28.1(1.2) 19.1(1.1) b 28.1(1.2) a 24.0(1.4) 28.1(1.2)
VER 6.0 years 29.7(1.5) 31.7(4.1) 36.7(1.3) 35.8(1.0) 30.7(2.0) b 36.2(0.8) a 26.7(1.6) b 32.7(14) a
IPB 6.0 years 25.6(1.1) 26.5(1.0) 34.3(1.5) 31.7(1.7) 26.1(0.7) b 33.0(1.1) a 25.8(1.1) 28.7(1.5)
SUZ 5.7 years 21.4(0.4) 21.5(0.3) 26.4(0.3) 21.5(0.3) b 26.4(0.3) a 22.0(1.2) 23.9(0.9)
CEN 5.3 years 21.3(1.8) 24.2(2.3) 24.9(2.1) 26.4(2.3) 26.2(2.8) 24.6(1.4) 26.3(1.7)
VIP 4.8 years 14.4(3.0) 24.0(1.5) 24.0(3.2) 31.7(1.9) 28.0(3.7) 24.0(1.6) b 29.9(2.0) a
VLM 4.5 years 20.8(1.3) 24.0(2.0) 37.3(2.6) 38.0(2.3) 22.4(1.2) b 37.6(1.6) a
VCP 2.8 years 11.3(1.1) 15.9(0.1) 16.4(0.4) 21.7(0.5) 25.4(0.5) 16.1(0.2) b 23.5(0.7) a 21.9(0.4) b 25.4(0.5) a
Average 16.2(1.7) 22.6(0.8) 23.7(1.0) 31.3(1.3) 30.0(1.0) 23.5(0.7) b 30.6(0.8) a 24.4(0.7) b 28.0(0.8) a
Gain or loss —28% baseline +4% +32% +27% baseline +30% —-13% baseline

differences in growth among years with different average VPD (e.g.
Stape et al., 2008), and the key role of VPD in predicting regional
patterns of growth (e.g. Almeida et al., 2010).

3.3. Stand structure effect

Heterogeneous stand structure lowered growth by an average
of 13% across the 5 sites that included this treatment (Table 6). The

stand structure effect was significant at all sites except ARA (two-
tailed P = 0.06), as well as across all sites. The reasons for this effect
remain unknown. All stems (within a site) were genetically
identical, as were all supplies of resources. The interception of light
did not differ at the plot scale (Ryan et al., 2010), so the lower
growth in the heterogeneous treatment resulted from lower
efficiency of light use rather than lower light interception.
Binkley et al. (2010) examined light use efficiency at the scale
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Fig. 3. Wood mass accumulation for each site (codes in Table 1) in relation to treatments (codes in Table 4). Error bars are standard errors of the means of 4 plots/site (3 for
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of individual trees; non-dominant trees used light less efficiently
than dominant trees, and this effect was accentuated by greater
dominance in heterogeneous stands. The potential mechanisms
behind these patterns clearly need to be examined with further
research.

3.4. Culmination of increment

Across the three sites that spanned a full-rotation (ARA, IPB,
VER), current annual increment culminated between age 2 and 4
(Fig. 6). The irrigated treatment showed a higher peak (about
45 Mg ha~! yr~! for the uniform treatment) than the non-irrigated
treatment (about 33 Mg ha—! yr~'). The peak CAl in irrigated plots
(uniform treatment) was 13 Mg ha~! yr~! higher than late in the
rotation, whereas the difference between peak CAI and late-
rotation CAI was only 5 Mg ha ! yr~! without irrigation.

The decline in annual increment resulted largely from a decline
in growth of non-dominant trees. The largest 20% of the trees
(across treatments and sites) showed little or no decline in growth
from mid-rotation to late-rotation, whereas growth dropped by
about half for the 50th percentile trees (Binkley et al., 2010). The
efficiency of light use also declined from mid-rotation to late-
rotation, by 20-30% across all dominance classes. The sustained
high growth rates of the dominant trees resulted from an increase
in light capture and a decline in light use efficiency, leading to no
net change in growth. Smaller trees declined in both light capture
and light use efficiency.

We hypothesized that heterogeneous stand structure would
lead to greater declines in production late in the rotation relative to
uniform stands (Binkley et al., 2002; Binkley, 2004). However, the
pattern of CAI over time was similar for both stand structure
treatment, clearly refuting the hypothesis. High uniformity in
stand structure did not moderate the decline in growth after the
stands reached full leaf area.

4. Discussion

What is the potential productivity of Eucalyptus plantations in
Brazil? This project led to several sorts of answers. Based on the
three sites that reached a full-rotation, the potential stem wood
productivity based on current operational silviculture (applied
with close scrutiny under research conditions) averaged about
25Mgha~lyr~! (MAI for TNU treatment in Fig. 7), or about
51 m>ha~!yr—'. Removal of water limitation by irrigation raised
the ceiling on potential productivity to about 32 Mgha=!yr!
(about 65m3ha~!yr!). Operational-scale irrigation may be
unlikely for most forests, but the gains from irrigation underscore
the potential value of intensive management of site water balance
(including site selection, site preparation, road planning and
control of competing vegetation), and perhaps for genetic
improvement objectives. These MAI figures include the first 18
months of the rotation before the trees fully occupied the sites with
completely developed canopies and root systems, so the biological
potential productivity for fully established trees would be a current
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Fig. 4. Mean annual increment effect (for the entire period) for no fertilization versus traditional (current operational) fertilization without irrigation (A); traditional
fertilization versus high fertilization without irrigation (B); the overall effect of irrigation (C); and the overall effect of stand structure (D). In all graphs, the first pair of bars
presents the grand mean across sites (site codes in Table 1, treatment codes in Table 4). Error bars for the sites are the standard errors among plots within sites, and for the

grand means the error bars are the standard variance among sites.

annual increment (ages 1.5-6.0 years) of about 38 Mg ha~! yr™!
(77m3ha~'yr!). The biological productivity could also be
considered for the portion of the year when climate conditions
are most favorable, with low vapor pressure deficits and high
sunlight. The current annual increment based on just the 6-month
wet season reached about 42Mgha='yr~! (83 m3>ha~'yr ).
Higher rates of growth might be possible for some clones during
some years on some sites, but the potential productivity estimates
from this project probably represent the upper end of feasible rates
for large areas for longer time periods. These potential levels can
serve as a benchmark for comparison with yields obtained from
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Fig. 5. Annualized rate of growth after canopy closure for comparing dry season and
wet season patterns (site codes and season data in Table 1). With irrigation, wet-
season growth was 19% greater than in the dry season (in response to higher vapor
pressure deficit and lower incoming light). Without irrigation, the wet season grew
27% more than the dry season. Bars are standard errors of the mean within each site
(n=4 except ARA =3); and for grand mean (all), bars are standard errors of the
mean for 8 sites.

operational silviculture and the importance of operational auditing
of quality control in precision silviculture (Goncalves et al., 2008).

The whole-rotation productivity for the treatments at the ARA,
IPB and VER sites were predicted well by the mid-rotation results,
so these patterns may support early decisions about the likely
magnitude of full-rotation yields. Current annual increment from
year 2 to 3 accounted for 85% of the variation in whole-rotation
MAI across all treatments and sites. The MAI up to age 3 also
predicted whole-rotation MAI (% = 0.68), but not as well as current
increment from year 2 to 3. The effects of increased water supply
(TIU and FIU in relation to TNU) on biomass accumulation also
related well to the increase in site index (* = 0.87) pointing to the
opportunity to increase the predictability of grow and yield
empirical models for short-rotation forests by including some
aspect of water supply into site index assessments (Maestri, 2003).

4.1. Nutrition

Eight sites clearly cannot encompass the full range of conditions
across this broad region, so informed judgment is needed to
extrapolate from our sample 8 sites to the region of Eucalyptus
plantations in Brazil. For example, the growth response to very
heavy fertilization at the VIP and IPB sites were no larger than the
response to the traditional level of fertilization currently used by
the companies (Table 6). Yet the average response among 258
“twin-plot” fertilization trials on these companies’ lands (at rates
similar to those used at this site) was a 15-20% increase in wood
growth (Stape et al., 2006; Ferreira and Stape, 2009). About 20% of
the plots did not respond to fertilization in the twin-plot studies, so
the VIP and IPB locations used in the BEPP Project would have
fallen among this minority of non-responsive plots. Alternatively,
fertilizer applications in operational treatments may be less
precise than in research plots, so some of the apparent difference
between the BEPP plots and the regionally representative



1692
50
g 40
g2~
=
cw 0 f\
m = B e, U
L o o i S S 4
== e
oS 2 7
£E
o @ +— TNU - CAI
= E 10 e TNU - MAI
g2 ~—--—-TNH - CAI
EE a— TNH - MAI
Q 0 ;
] 1 2 3 4 5 6
Age (years)

J.L. Stape et al./Forest Ecology and Management 259 (2010) 1684-1694

50
ET &
£ > 40 \
<q'm Y
c £ - —_—
w o B e Tete Y °
D <
= = a9 g ot
'g ] ? e
@
o £ 204
@
E "g . FIU - CAl
EE ] o FIU - MAI
3 ~=wp-== FIH - CAl
—-—a—- FIH - MAI
0 T "
0 1 2 3 4 5 6 7

Age (years)
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twin-plots might illustrate differences between operational stands
and research plots. This is a key point, because the BEPP results
indicated that current company prescriptions already attain a
maximum fertilizer response, and perhaps lower rates would
provide a similar response with a substantially lower cost. In
contrast, the twin-plot results indicate current operations do not
fully alleviate nutrient limitation on a majority of sites, so this
discrepancy (an issue of real variation among sites, or in
operational precision) needs to be examined.

4.2. Water stress

How did irrigation lead to increased wood growth? Irrigated
plots showed higher levels of light use efficiency, expressed as
wood growth per unit of light absorbed by the canopy (Ryan et al.,
2010). This increased efficiency of light use reflected an increase
in total gross primary production (GPP), an increase efficiency
of light use (GPP per unit light absorbed), and a constant rate of
total belowground carbon flux that allowed for increased
production to be concentrated into wood growth. The higher
efficiency of wood production per unit of light absorbed was
consistent with the irrigation response of hardwood species (Cobb
et al., 2008), for Eucalyptus in a mid-rotation study (Stape et al.,
2008), and across a geographic rainfall gradient in Bahia (Stape
et al., 2004b).

Increased wood growth in irrigated plots undoubtedly
depended in part on greater water use, but we do not know the
importance of any increase in water use efficiency across the sites.
Late in the rotations at the ARA and VER sites, Hubbard et al. (2010)
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Fig. 7. Potential productivity may be characterized in various ways. These bars
represent the growth for the three sites that completed a full-rotation (ARA, IPB,
VER). The first bar is the mean annual increment for current operational silviculture
(TNU MAI), and the second bar shows the rotation-long gains that may be obtained
from irrigation (FIU MAI). The third bar represents average annual growth for the
period once full canopies have developed (18 months, FIU CAI), and the final bar
represents the biological maximum based on the full-canopy portion of the
rotation, just for the wet, high-sunlight season (FIU CAIw).

estimated transpiration in trees and concluded that the growth
response resulted only from increased water use (not increased
efficiency of water use). This late-rotation pattern contrasts with
the water use efficiency at mid-rotation at the Copener Florestal
site, where the water balance for irrigated plots indicated higher
efficiency of water use than in non-irrigated plots (Stape et al.,
2008).

Simple water budgets that contrast rainfall and potential
evapotranspiration at time scales of months (or years) would not
capture the water limitations on Eucalyptus growth at our sites.
Irrigation led to a 30% increase in stem growth, even though water
balances (data not shown) indicated little if any water restriction
on growth. Useful predictions of the effects of water supply on
Eucalyptus growth probably require dynamic process-based
models with relatively short time steps (daily or weekly; e.g.
Almeida et al., 2004; Stape et al., 2004a).

Water supply is clearly critical to plantation productivity.
Several irrigation studies have demonstrated strong relationships
between water supply (and use) and wood production for
Eucalyptus around the world, with stem growth responses of
15-35% (Linder, 1985; Madeira et al., 2002; Campion et al., 2006;
Stape et al., 2008) or even higher under arid conditions (Hunter,
2001). The value of sites selected in the future for plantations in
Brazil will depend strongly on a range of water-related issues,
including rainfall, seasonality of rainfall and vapor pressure deficit,
as well as soil water storage capacity (Almeida et al., 2004, 2010;
Stape et al., 2004a). Adequate site preparation (such as subsoiling),
water conservation, stocking and intensive control of competing
vegetation may be particularly important in lowering water stress
on trees in some sites, and environmental issues of total water
consumption and efficiency of water use may shape silvicultural
decisions as well as strategic planning by companies. Consistent
with other studies (e.g. Madeira et al., 2002; Campion et al., 2006),
we found no evidence of interactions between fertilization and
irrigation, so issues of nutrition and water stress may be managed
separately.

Explicit consideration of genotype differences in water
acquisition and efficiency of use may be a valuable component
of genetic improvement programs, with clear attention to
interactions with silviculture and site factors. For example, it is
not clear if higher growth rates would be achieved by genotypes
that maximize water use, maximize efficiency of water use, or
some optimal combination of both features (see Blum, 2008).
These issues may be particularly important for the environmental
impacts of intensive plantation forestry, especially for issues of
stream-water yields in landscapes receiving less than 800 or
900 mm/yr of rainfall (Jackson et al., 2005; Little et al., 2009).

Water supply is also critical when rainfall varies among years,
and the responses to these variations may differ substantially
among clones. The next phase of the BEPP Project will examine
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these interactions with a variety of clones tested across the region,
with rainfall exclusion treatments providing experimental manip-
ulations of water supply within an expanded set of sites.

4.3. Stand structure

Operational irrigation is not widespread in plantation forestry,
but all plantations develop a stand structure with low or high
uniformity of tree sizes. The results of the BEPP Project indicate
that uniformity in stand structure substantially influences wood
growth. Indeed, much of the higher yield that typically occurs in
clonal Eucalyptus plantations relative to seed-origin plantations
may result from higher uniformity of tree sizes rather than
genetic aspects (Binkley et al., 2002). The interactions of
uniformity and genetics are probably complex. For example,
Boyden et al. (2008) examined the competitive effects of
neighbors on the growth of individual trees. A medium sized
focal tree (75 kg wood mass) of clonal origin (surrounded by trees
of the same clone) grew better than the same size tree from seed
origin (surrounded by other seed-origin trees), when the overall
size of neighbors offered little competition. As competition
pressure increased with increasing size of neighboring trees, the
growth of the clonal tree (with clonal neighbors) dropped below
the level of the seed-origin tree (with seed-origin neighbors). A
50% increase in the competition index (based on the biomass of
neighboring trees; see Boyden et al., 2008 for details) lowered the
growth of the clonal tree by 20-30%, compared with a reduction
of less than 10% in the seed-origin tree.

Silvicultural opportunities for promoting high uniformity in
stand structure are clearly important, and more research is
warranted on the mechanisms behind these responses as well
as the interactions with genotypes. Dominant trees in the BEPP
plantations showed higher light use efficiency than non-dominant
trees (Binkley et al., 2010). It seems likely that this higher efficiency
also reflects a pattern of allocation among tissues within trees,
with higher allocation to wood growth relative to belowground by
dominant trees. However, we have no information on below-
ground carbon flux on an individual tree basis, and other
explanations remain possible.

The initial period of stand development shows low rates of stem
growth as the canopy increases to a maximum. The period of time
required for full canopy development may be reduced by
increasing planting density, but the value of rapidly developing
canopies may depend in part on overall site hydrology. Following
harvesting and planting, soil water storage may be abnormally
high as stand leaf area remains low; rapidly developing leaf area in
high-density stands may begin to tap this stored water sooner than
lower density stands. However, rapid reduction in stored soil water
may not lead to higher MAI for the whole rotation, with intriguing
potential interactions between the drawdown of stored soils water
and genotype, silvicultural practices, stand density, and rate of
canopy development.

The BEPP Project will continue for several more years, bringing
all sites to the end of the first rotation. A second phase will examine
a broader geographic range of sites, examining the effects of
drought and genotypes. Future information will be posted at
www.ipef.br/bepp, and then published in journals and other
outlets.
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